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This thesis is concerned with the effect of polymer structure on miscibility of the three 
component blends based on poly(lactic acid) (PLA) with using blending techniques.  The 
examination of novel PLA homologues (pre-synthesised poly(α-esters)), including a 
range of aliphatic and aromatic poly(α-esters) is an important aspect of the work.  
Because of their structural simplicity and similarity to PLA, they provide an ideal system 
to study the effect of polyester structures on the miscibility of PLA polymer blends.  The 
miscibility behaviour of the PLA homologues is compared with other aliphatic polyesters 
(e.g. poly(ε-caprolactone) (PCL), poly(hydroxybutyrate hydroxyvalerate) (P(HB-HV)), 
together with a series of cellulose-based polymers (e.g. cellulose acetate butyrate (CAB)). 
 
The work started with the exploration the technique used for preliminary observation of 
the miscibility of blends referred to as “a rapid screening method” and then the miscibility 
of binary blends was observed and characterised by percent transmittance together with 
the Coleman and Painter miscibility approach.  However, it was observed that 
symmetrical structures (e.g. α1(dimethyl), α2(diethyl)) promote the well-packing which 
restrict their chains from intermingling into poly(L-lactide) (PLLA) chains and leads the 
blends to be immiscible, whereas, asymmetrical structures (e.g. α4(cyclohexyl)) behave to 
the contrary.  α6(chloromethyl-methyl) should interact well with PLLA because of the 
polar group of chloride to form interactions, but it does not.  It is difficult to disrupt the 
helical structure of PLLA.  PLA were immiscible with PCL, P(HB-HV), or compatibiliser 
(e.g. G40, LLA-co-PCL), but miscible with CAB which is a hydrogen-bonded polymer.  
However, these binary blends provided a useful indication for the exploration the novel 
three component blends.  
 
In summary, the miscibility of the three-component blends are miscible even if only two 
polymers are miscible.  This is the benefit for doing the three components blend in this 
thesis, which is not an attempt to produce a theoretical explanation for the miscibility of 
three components blend system. 
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                    Blends; Miscibility; Compatibilisers; Degree of crystallinity  
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Chapter 1 
Introduction 
 
 
1.1    Overview 
  
 This thesis examines two novel approaches to study the miscibility of polymer 
blends based on poly(lactic acid) (PLA) in a search for useful materials and also to 
increase understanding.  The first novel approach is the use of three component blends.  
The second novel approach is to study of the homologues of poly(lactic acid) and their 
miscibility and their potential as compatibilisers.  Because the poly(lactic acid) 
homologues (pre-synthesised poly(α-ester) homologues) are available only in milligram 
quantities, the work also required the design of a new method based on solvent blending.  
This is a “rapid screening method” and requires only very small (mg-range) quantities of 
polymers.  This project is not a theoretical project but involves experiment and theory 
together, using the interpretive approaches developed by Coleman and Painter [1].  
Therefore, the Coleman and Painter principles were compared with experimental 
observations of blend miscibility to observe if the approach can be used to predict on 
understand blend miscibility.  This introductory chapter deals with published background 
information on poly(lactic acid) and previous attempts to use blending techniques to 
produce materials with a wider range of properties than the base polymers. 
 
  
1.2    Poly(L-lactide) (PLLA) and biodegradable polymers 
  
 This section describes the reasons for the choice of PLLA in this study and 
background information on polyesters. This includes details about biodegradable 
polymers that are frequently used, such as poly(lactic acid) or polylactide (PLA), 
poly(glycolic acid) or polyglycolide (PGA), poly(ε-caprolactone) (PCL), poly(3-
hydroxybutyrate) (PHB) and other poly(hydroxyalkanoates). 
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 1.2.1   Reasons to use PLLA 
 
 Poly(L-lactide) (PLLA) is one of the most widely used materials in the 
manufacture of disposable and biodegradable plastic products.  It is produced from 
cassava, corn, rice-derived dextrose or from bacterially-fermented starch obtained from 
food waste, such as potato peelings.  PLLA is more expensive than many polymers based 
on petroleum, however, PLLA using corn has become cheaper as the scale of production 
increases due to the higher demand [2].  In addition, PLLA would be a new business in an 
agricultural country like Thailand, which has a potential base to produce biomass plastic 
materials [3].  PLLA does have limitations, however, which are addressed in this project.  
It is a semi-crystalline polymer with a high (60-65 oC) glass transition temperature and 
limited thermal processing.  This means that the polymer tends to be brittle and has a 
narrow window of melt processing conditions.  Therefore, it can be concluded that the 
major reasons for using PLLA in this work are: PLLA can be produced from inexpensive 
agricultural plants; PLLA is biodegradable polyester widely used in many applications; 
PLLA is limited to use by its mechanical properties.  These reasons make PLLA to be a 
good choice of biodegradable polymer to study miscibility by blending with other bio-
degradable polymers in this study.   
 
 
 1.2.2   Polyesters  
 
 In recent years, biodegradable polymer developments have been particularly 
focused on the environmental and social aspects and a range of biologically-based 
products, such as sutures, tissue-supporting scaffolds, drug delivery devices, biodegradable 
plastics and packaging materials that are produced from plants instead of petroleum.  It is 
also of interest in many countries that have an industrial composting infrastructure in place. 
Polyesters are one of the most important biodegradable plastics being used in industry, due 
to their potentially hydrolysable ester bonds. 
 In general, polymers derived from nature are more biodegradable than synthetic 
polymers; especially those polymers containing ester functionality, which are called 
polyesters.  Aliphatic polyesters have more potential to biodegrade than their aromatic 
counterparts.  They are degraded by both microbial and hydrolytic processes.  It is believed 
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that biodegradation of these polymers proceeds by attack on the ester groups by non-
specific esterases produced by ground microflora combined with hydrolytic attack.  Their 
degradable products can be quickly metabolised by microorganisms [4].  The presence of 
ester linkages in the polyester backbones allows gradual hydrolytic degradation of 
polyesters.  The initial degradation products are low-molecular weight polyesters, which 
are endogenous compounds and as such are non-toxic.  When the cleavage of the ester 
linkages continues by water hydrolysis, the final products are carbon dioxide and water.  
For example, the hydrolytic degradation of PLLA is shown in Figure 1.1.  Intramolecular 
degradation occurs by base attack on the carbonyl carbon of the ester group, followed by 
hydrolysis of the ester link, leading to low molecular weight polyester fragments.  Finally, 
PLA is decomposed into carbon dioxide (CO2) and water (H2O). 
 
 
 
Figure 1.1   Hydolysis of poly(L-lactide). 
 
 The polyester family can be divided into two major groups, aliphatic and aromatic 
polyesters, as classified and shown in Figure 1.2.  They are in the market place and are in 
commercial development.  The aliphatic polyesters are: polyhydroxyalkanoates (PHA), 
which can be divided into polyhydroxybutyrate (PHB), polyhydroxyvalerate (PHV), 
polyhydroxyhexanoate (PHH), and their copolymers; polylactide (PLA); poly(ε-caprolactone) 
(PCL); polybutylenesuccinate (PBS) and its derivative poly(butylenesuccinate adipate) 
(PBSA).  The aromatic polyesters are: modified poly(ethylene terephthalate) (PET) such 
as poly(butylene adipate/terephthalate) (PBAT) and poly(tetramethylene adipate-co-
terephthalate) (PTMAT); and aliphatic-aromatic copolyesters (AAC).  Aliphatic polyesters 
are completely biodegradable while aromatic polyesters are almost resistant to microbial 
attack.  However, the mechanical properties of aliphatic polyesters are not very good for 
commercial applications. 
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Figure 1.2   The classification of biodegradable polyesters. 
 
 Aliphatic polyesters, especially homo- and copolymers derived from glycolic acid, 
lactic acid, ε-caprolactone, and 3-hydroxybutyrate, have been known for a long time as 
materials in degradable drug delivery systems.  As discussed, aliphatic polyesters degrade 
chemically by hydrolytic cleavage of the backbone ester bonds, catalysed by either acids 
or bases, or enzymatically.  Carboxylic acid end groups are formed during chain scission, 
and this may enhance the rate of further hydrolysis.  Degradation products are reabsorbed 
by the body with minimal reaction of the tissues [2]. 
 
 The other poly(hydroxy acid)s have been synthesised by specialist groups [5, 6].  
More details for the route of this synthesis of polymers used in this thesis are given in 
Chapter 2. 
 
 
 1.2.2.1  Polyglycolide or Poly(glycolic acid), PGA [2] 
 
 PGA is the simplest linear aliphatic and hydrolytically instable polyester.  It is a 
hard, tough, crystalline polymer with a glass transition temperature of 35-40 oC and a 
melting temperature in the range of 225-230 oC.  Unlike closely related polyesters, such 
as PLA, PGA is insoluble in almost all common organic solvents due to its high 
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crystallinity and packing.  However, it is soluble in highly fluorinated solvents like 
hexafluoroisopropanol (HFIP) and hexafluoroacetone sesquihydrate.  A high molecular 
weight PGA is commonly obtained by ring-opening polymerisation of the cyclic ester 
glycolide.  Ring-opening polymerisation of glycolide, which is shown in Figure 1.3, can 
be catalysed using different catalysts, including antimony compounds, such as antimony 
trioxide or antimony trihalides, zinc compounds (zinc lactate) and tin compounds like 
stannous octoate (tin(II) 2-ethylhexanoate) or tin alkoxides.  Stannous octoate is the most 
commonly used initiator.  The polymerisation is processed under a nitrogen atmosphere at 
195 oC and allowed to proceed for about two hours, then raising the temperature to 230 oC 
for about half an hour before isolation of the high molecular weight PGA.   
 
 
 
Figure 1.3   Ring-opening polymerisation of glycolide to polyglycolide. 
 
 PGA and its copolymers such as poly(lactic-co-glycolic acid) with lactic acid, 
poly(glycolide-co-caprolactone) with ε–caprolactone, and poly(glycolide-co-trimethylene 
carbonate) with trimethylene carbonate, are widely used as materials for the synthesis of 
absorbable sutures and are being evaluated in the biomedical field. 
 
 
 1.2.2.2   Polylactide or Poly(lactic acid), PLA [2, 3] 
 
 As discussed, PLA is a thermoplastic aliphatic polyester derived from renewable 
resources, such as corn starch, tapioca products, sugarcanes.  The potential of PLA as a 
biodegradable polyester and non-toxic material was recognised.  PLA has a wide range of 
applications, such as packaging applications, biomedical applications, and tissue 
engineering due to its biodegradability and biocompatibility in contact with living tissues.  
Copolymerisation and blending of PLA has been extensively investigated as a useful route 
to vary the chemical structure of the copolymer over a wide range to obtain a product with 
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a particular combination of desirable properties.  PLA can exist in three stereochemical 
forms: poly(L-lactide) (PLLA), poly(D-lactide) (PDLA), and poly(D, L-lactide) (PDLLA).  
The most commonly used isomer is the L-isomer and commercial poly(lactic acid) 
referred to as PLA is the L-isomer.  
 The polymerisation of lactic acid or 2-hydroxypropionic acid, a naturally-occuring 
organic acid, is used as a starting material to form PLA.  It exists in two stereo-isomers, 
L- and D-lactic acid.  Figure 1.4 illustrates these two forms.  It has potential uses in food, 
textile, pharmaceutical, leather and chemical industries.  It can be produced by chemical 
synthesis or bacterial fermentation of renewable resources.  The petrochemical route 
produces D, L-lactic acid, while fermentation exists almost exclusively as L-lactic acid.  
The synthesis of PLA is a multistep process, which starts from the production of lactic 
acid and ends with its polymerisation.  
 
 
 
Figure 1.4  Stereochemical forms of lactides. 
 
 The existence of both a hydroxyl and a carboxyl group in lactic acid enables it to 
be converted directly into polyester via a polycondensation reaction.  However, it cannot 
be directly polymerised to high molecular weight PLA because each polymerisation 
generates one molecule of water.  Therefore, lactide (the diester of lactic acid) is 
generally used to synthesis PLA.  Lactide has two asymmetric carbons and thus exists as 
the optically active L- and D- forms or as the racemic (or meso) lactide the 50/50 mixture 
of L- and D- lactic acid.  Figure 1.4 shows the stereochemical forms of those three 
lactides.   Polymerisation of the pure enantiomeric L-lactide yields PLLA, and that of D-
lactide yields PDLA, which are semi-crystalline polymers.  While, polymerisation of the 
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diastereo-isomer (D,L-lactide) or a racemic mixture of D,D-lactide/L,L-lactide produces 
amorphous PDLLA.  
 Figure 1.5 shows the three main routes to synthesise PLA.  Lactic acid is 
polymerised by condensation to yield a low molecular weight, brittle polymer, which, for 
the most part, is unusable, unless external coupling agents are employed to increase its 
chain length.  The second route is the azeotropic dehydrative condensation of lactic acid. 
It can yield high molecular weight PLA without the use of chain extenders.  The third and 
main process is ring-opening polymerisation of lactide to obtain higher molecular weight 
PLA which most commonly uses a stannous octoate catalyst.  Finally, lactic acid units can 
be part of a more complex macromolecular architecture as found in copolymers. 
 
 
 
Figure 1.5  Synthetic methods for obtaining high molecular weight [7]. 
 
 The properties of PLA depend on the component isomer, processing temperature, 
annealing time and molecular weight.  PLLA is a semi-crystalline polymer, which has a 
crystallinity of around 37%, crystalline melting temperature (Tm) between 170-180 oC, 
and a glass transition temperature (Tg) between 60-67 oC.  PLLA can be normally 
dissolved in halogenated hydrocarbons, such as chloroform, methylene chloride, 1,1,2-
trichloroethane, and dichloroacetic acid, but is only partially soluble in ethyl benzene, 
toluene, acetone, and tetrahydrofuran.  PDLLA is an amorphous polymer.  It has a Tg in 
the region of 50-60 oC.  Since polymers from lactic acids have Tg above body 
temperature, these matrices are stiff with little elasticity in the body and are somewhat 
brittle at room temperature.  
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 1.2.2.3   Poly(ε-caprolactone), PCL 
 
 PCL is known as a flexible polymer, which is very relatively compatible with 
other polymers.  It degrades predominantly through microbial agents.  PCL shows a low 
Tg at -60 oC, which make PCL a rubbery material and exhibits high permeability to low 
molecular species at body temperature.  With the regular structure and low Tm at 60 oC, 
PCL is a crystalline polymer.  PCL is obtained by ring opening polymerisation of the 
6-membered lactone called ε-caprolactone using a catalyst such as stannous octanoate, 
the reaction as shown in Figure 1.6.  
 
 
 
Figure 1.6   Ring opening polymerisation of ε-caprolactone to polycaprolactone (PCL). 
 
 As previously mentioned, PCL is widely used as an additive for other polymers to 
improve their processing characteristics and their end use properties (e.g. impact 
resistance) [2].  For example, PCL can be mixed with starch to lower its cost and increase 
biodegradability.  Blends of PCL with other degradable polymers also have a great 
potential for drug delivery applications.  
 
 
 1.2.2.4  Poly(3-hydroxybutyrate), PHB and other poly(hydroxyalkanoates)  
   
 PHB belongs to the group of polyhydroxyalkanoate (PHA) polymers and is an 
aliphatic beta-polyester.  There are many other polymers in the PHA class, which are 
produced by a variety of organisms.  Examples include poly(4-hydroxybutyrate) (P4HB), 
polyhydroxyvalerate (PHV), polyhydroxyhexanoate (PHH), polyhydroxyoctanoate) (PHO) 
and their copolymers.  Figure 1.7 shows chemical structure of PHB, PHV and their 
copolymer PHBV. 
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Figure 1.7  Chemical structure of polyhydroxyalkanoate (PHA) class. 
 
 PHB has unusually high levels of crystallinity because of the remarkable stereo-
regularity of the perfectly isotactic chain configuration.  This high crystallinity results in a 
rather hard and brittle material, which is not very useful for many applications.  PHB 
shows a Tg at 15 oC and Tm at 175 oC, which is close to the region of its thermal 
decomposition temperature.  This makes PHB homopolymer difficult to handle using 
conventional plastic melt processing equipment.  PHB is soluble in chloroform and other 
chlorinated hydrocarbons, water insoluble and relatively resistant to hydrolytic 
degradation which differentiates it from most biodegradable plastics.  PHB is primarily a 
product of glucose or starch and is employed by a large number of bacteria (e.g., those 
present in soil or sewage) as a carbon source.  The synthesis starts with the condensation 
of two molecules of acetyl-CoA to give acetoacetyl-CoA, which is subsequently reduced 
to hydroxybutyryl-CoA, used as a monomer that is polymerised to PHB.  It is regarded as 
a biocompatible material, suitable for medical applications and has the trade name 
BiopolTM.  A number of PHB blends have been prepared with other polymeric materials 
to produce highly compatible composites called polymer alloys, especially those made 
from renewable resources, such as starch derivatives and PLA [2, 3, 8]. 
 
 In order to improve the properties of PHB, copolymers incorporating other 
structural units such as PHBV have been produced.  Tm of PHBV varies according to the 
hydroxyvalerate (HV) content in the repeating unit.  For example, the incorporation of 
12% HV gives rise to a Tm of 144 oC (compared to the Tm of 179 oC for 0% HV) [9].  
This leads PHBV to be potentially more useful as a commercial thermoplastic than PHB 
homopolymer because its lower Tm makes it more processable.  PHBV is, however, more 
costly to produce than PHB which limits its usefulness. 
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1.3     Polymer blends and miscibility 
 
 1.3.1   Definitions 
  
 A polymer blend is a macroscopically homogeneous mixture of two or more 
different polymers, which is can be binary, ternary, or quaternary depending on the 
number of constituents in the blend [10].  The method used to mix polymers together to 
create a new material with different physical properties is called polymer blending.  There 
are a few blending techniques to prepare polymer blends, however, solvent blending and 
melt blending processes were used in this work.  Polymer blends can be broadly divided 
into three categories; miscible polymer blends, immiscible polymer blends, and 
compatible polymer blends. 
 It is important to distinguish between the fundamental definition of a miscible 
polymer blend, which involves the criteria for true thermodynamic miscibility and 
experimental detection of apparent miscibility that is the identification of potentially 
useful blend combinations.  To understand the terms immiscible, miscible, and compatible 
blend, the definition of the word “miscible” is defined by International Union of Pure and 
Applied Chemistry (IUPAC) [10].  Miscibility is defined as the capability of a mixture to 
form a single phase over certain ranges of temperature, pressure, and composition, subject 
to the details below.  
  1.  Whether or not a single phase exists depends on the chemical structure, 
molar mass distribution, and molecular architecture of the components present. 
  2.  The single phase in a mixture may be confirmed by light scattering, X-ray 
scattering, and neutron scattering. 
  3.  For a two-component mixture, a necessary and sufficient condition for 
stable or metastable equilibrium of a homogeneous single phase is 
      
where ∆mixG is the Gibbs energy of mixing and φ the composition, where φ is usually 
taken as the volume fraction of one of the components.  T and p are temperature and 
pressure, respectively.  The system is unstable if the above second derivative is negative.  
The borderline (spinodal) between (meta) stable and unstable states is defined by the 
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above second derivative equaling zero.  If the compositions of two conjugate (coexisting) 
phases become identical upon a change of temperature or pressure, the third derivative 
also equals zero (defining a critical state). 
 4.  If a mixture is thermodynamically metastable, it will demix if suitably 
nucleated.  If a mixture is thermodynamically unstable, it will demix by spinodal 
decomposition or by nucleation and growth if suitably nucleated, provided there is 
minimal kinetic hindrance.  
 
 Therefore, the IUPAC definitions for miscible, compatible, and immiscible 
polymer blend are as follows:    
 A miscible polymer blend or homogeneous polymer blend is a polymer blend that 
exhibits miscibility.  It can be defined into four descriptions:  
 (i)   for a polymer blend to be miscible, it must satisfy the criteria of miscibility
 (ii)   miscibility is sometimes erroneously assigned on the basis that a blend  
         exhibits a single Tg or optical clarity   
 (iii)  a miscible system can be thermodynamically stable or metastable 
 (iv)  for components of chain structures that would be expected to be miscible,  
         miscibility may not occur if molecular architecture is changed, e.g., by crosslinking. 
 An immiscible polymer blend or heterogeneous polymer blend is a polymer blend that 
exhibits immiscibility. 
 A compatible polymer blend is an immiscible polymer blend that exhibits macro-
scopically uniform physical properties throughout its whole volume.  The macroscopically 
uniform properties are usually caused by sufficiently strong interactions between the 
component polymers. 
 
 However, IUPAC’s definition for polymer miscibility is based on thermo- dynamic 
theory, which is not a useful method of detection.  Thus, people have often showed 
miscibility in terms of optical clarity and single Tg as methods of detection of miscibility 
under the conditions of the experiment.  However, optical clarity and a single Tg maybe 
observed because they are just kinetically frozen in a state of apparent miscibility, which is 
not permanently miscible.  So it is perfectly legitimate to observe clarity and Tg in order to 
make an experimentally based comment about the sample at that time but not to assume 
that the thermodynamic conditions for miscibility have been precisely met. 
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 Immiscibility, miscibility, and compatibility, these three words are sometimes 
used interchangeably and given different meanings.  Many research papers define 
immiscible as those polymer blends or heterogeneous polymer blends that separately 
show the glass transition temperature (Tg) of each polymer components, while, miscible 
polymer blends or homogeneous polymer blends show a single Tg from a single phase 
structure.  Compatible polymer blends exhibit macroscopically uniform properties due to 
strong interactions between the polymer components [11].   
 
 Within this thesis, however, a useful experimental description of miscibility and 
immiscibility is given by percent transmittance (%T) and glass transition temperature 
(Tg).  The polymer blend films will be catalogued into three types; optically clear, 
translucent, and opaque.  The optically clear film shows %T more than 75% and a single 
Tg, which will be described as a miscible blend.  The translucent film shows %T between 
31-75% and will be denoted as a partially miscible blend.  The opaque film shows %T 
between 0-30% and separate Tg of each homopolymer, which will be reserved as an 
immiscible blend.  While, the requirement for a compatible blend will be defined in terms 
of the strong interaction of polymer phases and the toughness of polymer blend produced.   
  
 In addition, the miscibility guide by Coleman and Painter [1] which links theory to 
practical usefulness will be used to interpret the miscibility behaviour of polymer blends.  
This uses structural interaction factors, such as hydrogen bonding and polar interaction, as 
a means of explaining why polymer systems can show the symptoms of miscibility, 
although they are not perfectly matched in thermodynamic terms.  Therefore, optical clarity, 
Tg, and the Coleman and Painter approach will be used as a preliminarily guide to detect 
apparent or temporary miscibility of the blends, whereas they do not predict that the 
system obeys the criteria for thermodynamic miscibility. 
 
 
 1.3.2   Introduction and background to the miscibility of blends 
 
 There are many objectives for using polymer blending processes depending on 
applications and properties of the polymer blends.  First, to improve mechanical properties 
and fracture resistance, such as adding a rubber phase into the rigid polymers.  Secondly, to 
achieve some specific performances, such as transparency, heat distortion, and barrier 
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properties.  Two-phase materials can be transparent if the refractive indices are matched 
closely enough or the phases are small enough.  Improving the ability of a rigid polymer 
to function at elevated temperature by increasing its heat distortion temperature can lead 
to the formulation of commercially successful products.  Thirdly, in order to reinforce 
neat plastics, a variety of reinforcing fillers or polymers are normally used to make 
polymer blends strong enough for specific required applications.  Fourthly, to make 
elastomeric blends, a mixture of two or more elastomers is subsequently vulcanised using 
the traditional methods of rubber technology [11].   
 
 The miscibility of polymers is governed by the Flory-Huggins equation and the 
free energy of mixing (ΔGm) and is written in equation 1.1.  The polymer blends will be 
miscible when ΔGm is negative; more details (such as what each symbol represents) are 
given in Chapter 7. 
 
 The factors that affect the miscibility of polymers blends are usually composition 
and temperature.  There is a range of compositions of polymer blends resulting in either 
miscibility or immiscibility.  Figure 1.8 shows an example of how polymer blend 
miscibility is affected by composition of another polymer (B).  It can be seen that, in this 
example, polymer A/B blends will be miscible when polymer B is less than 30 %wt. and 
more than 70 % wt., while immiscible and showing phase separation when polymer B is 
between 30-70 % wt.   
 
 
     Figure 1.8  The free energy of mixing (ΔGm) of polymer A and B versus % wt. of  
              polymer B; the miscibility depending on composition [12]. 
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 However, the composition range for miscibility can be changed by temperature, as 
shown in Figure 1.9.  For some polymer pairs, the components of a mixture are miscible 
when the temperature is below or at the critical point.  This temperature is called lower 
critical solution temperature (LCST).  This means that the range of miscibility increases 
with decreasing temperature.  For other polymer pairs, the components of a mixture are 
miscible when the temperature is above the critical point, called upper critical solution 
temperature (UCST).  This means the range of miscibility increases with increasing 
temperature.  The LCST and UCST depend on pressure, degree of polymerisation, 
polydispersity and branching of polymers. 
 
 
 
Figure 1.9    Polymer solution phase behavior showing LCST and UCST. 
 
 In general, polymer blends have physical and mechanical properties between 
those of the neat polymers used to blend.  For example, the Tg of polymer blends will 
depend on the ratio of neat polymers.  If two polymers have different Tg, one is low and 
another one is high, the Tg of the blend generally increases in a linear fashion when the 
composition of the polymer having high Tg increases.  Sometimes the Tg will be higher 
than expected because the two polymers entangle more strongly to each other than to 
themselves, which causes lower chain mobility.  The Tg affects other polymer properties, 
such as mechanical properties, chemical resistance, and heat resistance. 
 
 As mentioned in Section 1.3.1, there are two major methods for polymer blends, 
solvent blending and melt blending.  Solvent blending involves dissolving polymers in a 
solvent, and then allowing the solvent to evaporate at the required temperature.  This 
solvent blending method is normally used on the laboratory scale because of the 
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limitation of the price, since it is very expensive to evaporate or recapture the solvent on 
an industrial scale.  Additionally, the solvents themselves are expensive and the 
evaporating solvents will have an adverse effect on the environment.  Thus, melt blending 
is regularly used in industry.  The polymers used for blending are heated above their Tg 
and mixed together in machines such as extruders, two-roll mills, and internal mixers.  
The details of solvent and melt blending used in this work are discussed in Chapters 4 and 
5, and 8, respectively. 
 
 
 1.3.3   Why use blends?   
    
 Many neat polymers have limited uses because of a lack of mechanical properties 
and/or physical properties; thus, polymer-blending techniques are used to remedy this 
shortcoming, instead of trying to synthesise a new polymer, which is more difficult.  
Polymer blends can have some of the properties of one polymer, and some of the 
properties of another.  As discussed in the earlier section, these are the main reasons to 
use polymer-blending processes.  However, another important reason for blending 
polymers is to lower the price.  For example, PLLA/starch blends are economically 
suitable for certain applications because their price is less than neat PLLA [13-16].  Other 
reasons to use polymer blending are to improve processability, optical properties, and 
degradation.  PLA is an important biodegradable polymer, which has been used in this 
work because it has some limitations for applications, as discussed in Section 1.2.1.  
Therefore, blending PLA with other polymers from renewable resources provides a good 
way to try and resolve this problem.  
 
 
 1.3.4   Guidelines for miscible polymer blends 
 
 The principles that govern the miscibility of polymers depend on their thermo-
dynamics of mixing.  If the energy required for mixing polymers together is less than to 
keep them separated, the two polymers will be miscible.  This mainly depends on their 
structures and their solubility parameters.  Choices of the right temperature and 
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composition ranges for blending are also importance factors for obtaining miscible 
polymer blends because miscibility rarely extends to all compositions and temperatures 
for given polymer combinations.  
 
 However, most simple polymer blends are immiscible, but there are several ways 
to make them miscible.  The well-known way is to use copolymers or compatibilisers.  
The first design strategy for compatibilising copolymers is to make one segment of the 
copolymer miscible with one of the polymers and another segment miscible with the 
second polymer, and then the two polymers will be miscible.  In the second strategy, one 
segment of the copolymer is polar and another is non-polar, thus they do not like each 
other.  If a polymer, which is immiscible with one of the segments of this copolymer, is 
used to form a blend, it can be a miscible blend because polymer will be in between the 
two segments of copolymer.  This is because the two segments of copolymer avoid 
coming into contact with each other [17].  The Coleman and Painter approach [1] is used 
as a guide line for determination of the miscible or immiscible blends in this work.  It is 
discussed with the results from solvent blending in Chapter 7. 
 
 
1.4   Literature review of polymer blends based on PLA 
 
 PLA is one of the most interesting polyesters used in the market because it is 
produced from renewable resources and can be degraded by hydrolysis. Recently, 
Nampoothiri et al. [18] have reviewed the recent developments in PLA research, with 
sections on; lactic acid, polymerisation, copolymers and blends of PLA, degradation, 
applications, and PLA-challenges.  Similarily, understanding of the degradation of PLA 
has recently been reviewed by Hirao et al. [19].  They studied the hydrolysis of PLA 
using microwave irradiation and showed that microwave irradiation could make the 
hydrolysis of PLLA dramatically faster than conventional heating.  To attain a 45% yield 
of lactic acid from the hydrolysis of PLLA, it took only 120 minutes for microwave 
irradiation compared with 800 minutes for conventional heating.  Moreover, the optical 
purity of L-lactic acid obtained from microwave irradiation was found to be higher than 
from conventional heating.  They also proposed that microwave irradiation would be 
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useful for the chemical recycling of all polyesters, and can be used industrially to improve 
the efficiency of chemical recycling. 
 
 As discussed earlier, PLA has limited applications because of its poor mechanical 
properties and because it is an expensive polymer.  Therefore, a great number of 
investigations have been performed on PLA to improve its mechanical properties and to 
reduce its price for use in the market.  To achieve these points, blending techniques by 
solvent or melting and also co-polymerisation have been widely investigated to modify 
the physical properties.  However, the blending techniques are more significant for 
practical use than the synthesis of the new copolymers because they can be useful in the 
market.  To synthesise new copolymers of PLA will be expensive to develop 
commercially on a large scale.   
 
 PLA has been blended with plasticisers and a number of candidate polymers.  
Examples of such polymers are: poly(ε-caprolactone) (PCL) [20-23], polyhydroxy 
butyrate (PHB) [24, 25], poly(butylene succinate) (PBS) [26], poly(butylene succinate 
adipate) (PBSA) [27], poly(ethylene terephthalate) (PET) [28], thermoplastic starch 
[29-31], petroleum-based polymers such as linear low density polyethylene (LLDPE) 
[32], polyurethane [33, 34]; and plasticisers, such as tributyl citrate (TBC) [35], 
poly(ethylene glycol) (PEG) [35-39] , poly(propylene glycol) (PPG) [40], and citrate 
esters [41, 42].  Copolymerising with a flexible polymer, such as PEG, PBS, and PCL, is 
one of many approaches to improve the toughness of PLA [43].  In addition, other factors 
such as composition ranges, molecular weight, thermal effect, and crystallinity, which 
affect the miscible or compatible blends, are studied.   
 
 Poly(ε-caprolactone) (PCL) has been the most popular polymer used to blend 
with PLA to increase impact strength and solve the brittleness problem.  However, 
PLA/PCL blends still suffer from poor mechanical properties due to the phase separation 
and poor adhesion between the immiscible components of PLLA and PCL.  Thus, many 
researchers have tried to improve the miscibility or the compatibility of PLA/PCL in 
different ways.  Harada et al. [20] used PCL reactive blends with PLA by adding reactive 
processing agents, such as lysine triisocyanate (LTI), and lysine diisocyanate (LDI).  The 
result indicated that isocyanate groups of LTI react with terminal hydroxyl or carboxyl 
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groups of both PLA and PCL, and the compatibility of PLA/PCL blends improved.  Todo 
et al. [21] studied the melted PLLA/PCL blends with various compositions of PCL and 
observed their fracture behaviour by polarising optical and scanning electron microscopy.  
It was found that the fracture behaviour was improved, with 5 wt% of PCL giving the 
greatest improvement.  At higher levels of PCL (more than 5 wt%), phase separation was 
observed due to the incompatibility of PLLA and PCL and the size of the PCL phases 
increased with increasing PCL content.   
 
 Ramiro Dell’Erba et al. [22] synthesised a triblock PLLA-PCL-PLLA copolymer 
to use as a third component for PLLA/PCL reactive blending.  The PLLA-PCL-PLLA 
copolymer acts at the phase boundary as an interfacial agent and produces a more 
homogeneous distribution of particle size and a lowering of the fraction of large domains.  
However, PLLA/PCL blends characterised by a fine dispersion of PCL domains can be 
obtained up to a 30 wt% of PCL.  The PLLA crystallisation rate, both from the melt and 
the glassy state, was observed to be enhanced by the presence of PCL domains because of 
the increase in nucleation rate.  Wang et al. [44] synthesised poly(D,L-lactide-co-ε-
caprolactone) (PLCA) and poly(D,L-lactide-coglycolide) (PLGA) and blended 
PLCA/PLGA by solution blending.  The authors observed that the blend was immiscible 
but compatible.  Other copolymers of PLA with PCL have been synthesised as a means of 
extending the applications of PLA [45].  In one example, PLLA/PCL blends were 
blended for biodegradable filtration membranes.  The membranes were formed via the 
thermally-induced phase separation process and were used to separate yeast cells from 
their suspension [46]. 
  
 Poly(D,L-lactide) (PDLLA) has been used in blends with PLLA with and 
without the presence of compatibilisers because its amorphous structure is expected to 
reduce the brittleness of semi-crystalline PLLA.  Bouapao et al. [47] studied the effect of 
solvent blending PDLLA with PLLA on the isothermal crystallisation, spherulite growth, 
and structure of blends.  The DSC results showed that PLLA/PDLLA blend films were 
immiscible and phase-separated during crystallisation.  Small-angle X-ray scattering 
indicated that for a crystallisation temperature of 130 oC, the long period associated with 
the lamellae stacks and the mean lamellar thickness values of PLLA and the blend films 
did not depend on the PDLLA content, and wide-angle X-ray scattering revealed that the 
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crystalline form of PLLA did not vary in the presence of PDLLA.  The presence of 
PDLLA is believed to disturb the diffusion of PLLA chains to the growth sites of PLLA 
crystallites.  Chen et al. [39] solvent-blended PLLA with PDLLA in the presence of 
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) as compatibilisers.  The 
DSC data showed that PLLA/PDLLA blends had two Tg’s.  This demonstrated that 
PLLA/PDLLA blend has poor miscibility, however, its miscibility was improved by 
adding PEO and PPO, depending on the composition used in blends.  The DMA data 
showed that 40/60 PLLA/PDLLA is harder and tougher than pure PLLA and is more 
improved when 2% compatibilisers was added.  These authors also blended PLLA and 
PCL with PEO or PPO as compatibilisers.  The PLLA/PCL blends showed higher 
elongation than the PLLA/PDLLA blends. 
  
 Poly(3-hydroxybutyrate) (PHB) and poly(3-hydroxybutyrate-co-3-hydroxy- 
valerate) (P(HB-HV)) belong to the group of polyesters known as polyhydroxy-
alkanoates (PHAs).  PHB is a beta-aliphatic polyester, which has been used to blend with 
PLA and to modify other polymers.  For example, Noda et al. [24], who worked with 
Procter and Gamble in Ohio, USA, investigated a class of ductile plastic PHAs which 
they called Nodax, together with highly compatible blends or polymer alloys made of 
Nodax and PLA.  The molecular structure of Nodax copolymer, where x =  0.01-0.50, 
and n = 2–14, as shown below. 
 
 
 
Two different types of Nodax or PHBHx copolymers, the copolymer comprised of 3-
hydroxybutyrate (3HB) and 3-hydroxyhexanoate (3HHx), were prepared by bacterial 
fermentation; one is composed of 13 mole% 3HHx and another 5 mole%.  PLA/PHBHx 
blends with different compositions were prepared by melt-mixing in a single-screw 
extruder.  The results showed that the addition of a small amount of PHBHx - as little as 
10 wt% - dramatically improved the toughness of PLA.  Samples containing less than 
20 wt% PHBHx are as clear and transparent as unmodified PLA, while more than 20 wt% 
produced translucent blends with levels of opacity increasing with the PHBHx content.  
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For the clear samples, clarity is thought to be either because PHBHx crystallites become 
so small that they no longer scatter light, or they are not crystallised at all in the PLA 
matrix when the PHBHx content is kept below 20 wt%.  The IR spectroscopy results 
indicate that PHBHx dispersed in a PLA matrix at a relatively low level (below 20 wt%) 
does not significantly crystallise, even after being cooled well below their melting 
temperature.  This is deduced from the absence of a sharp crystalline absorption band 
around 1720 cm-1 assignable exclusively to the crystalline contribution of PHBHx.  A 
very fine dispersion of Nodax particles is created in blend systems with PHBHx content 
below 20 wt%.  This favourable dispersibility is most likely due to the low interfacial 
energy between the highly compatible PLA and PHBHx.  Using PHBHx at levels more 
than 20 wt% increases the particle size of the dispersed phase leading to rapid 
cystallisation of PHBHx, and to loss of optical clarity and toughness of the blends.   
 
 Domb [25] studied the degradable polymer blends and discussed them in terms of 
miscibility.  One of the results relating to aliphatic polyester blends showed that both low 
and high molecular weight PLA and their copolymers with glycolic acid were miscible in 
several polymers including: P(HB-HV), PHB, PCL, poly(mandelic acid), and poly(propylene 
fumarate), both in melt and in solution.  Zen et al. [26] synthesised a novel biodegradable 
multiblock poly(ester urethane), poly(L-lactide)-block-poly(butylene succinate) (PLLA-
b-PBS), by a chain-extension reaction of dihydroxyl terminated PLLA (PLLA-OH) and 
PBS prepolymers (PBS-OH) using toluene-2,4-diisocyanate (TDI) as a chain extender.  
The molecular weight of the resultant PLLA-b-PBS increased with increasing PBS 
content.  PLLA and PBS segments were generated compatible in the amorphous phase, 
and the crystallisation of PLLA-b-PBS was significantly increased by increasing the PBS 
block.  
 
 Poly(butylene succinate adipate) (PBSA) is a commercially available aliphatic 
polyester with high flexibility, excellent impact strength, melt processibility, chemical 
resistance, low melting point and is more readily biodegraded than PLA.  Lee et al. [27] 
investigated thermal, rheological, morphological and mechanical properties of 
PLA/PBSA blends.  The thermal study revealed that the Tg of PLA in the blends was 
slightly decreased with increasing PBSA content.  At 80 wt% PBSA, the Tg decreased 
from 63 oC for pure PLA to 59 oC for composite blends due to active interaction between 
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PLA and PBSA chains, which is an indication of partial miscibility of PLA/PBSA blends.  
The stability of the blends at high temperature was lower than that of pure PLA and 
PBSA.  The tensile strength and tensile modulus of the blends were decreased with PBSA 
content, however, the impact strength increased much higher than pure PLA at 20 wt.% 
PBSA.  The early stage biodegradation rate of the blends was found to be highest at a 
level of 80 wt.% PBSA.  
 
 Poly(ethylene terephthalate) (PET) is a thermoplastic polymer of the polyester 
family used in synthetic fibers, beverage, food and other liquid containers, thermoforming 
applications, and engineering resins.  Chen et al. [28] have studied non-isothermal 
crystallisation of PLA/PET blends, which had not previously been investigated in detail.  
PLA and PET were dissolved in hexafluoro-2-propanol with concentrations of about 
10 wt.% of polymer, and then cast to form films.  The DSC results showed a single Tg of 
the blends over the entire composition range of PET.  This was taken as an indication that 
PET is completely miscible with PLA and produced a homogeneous amorphous phase 
structure.  PET was found to crystallise in all amorphous or crystalline PLA forms in the 
blends, and its degree of crystallinity decreased as the PLA content increased.  However, 
PLA can crystallise even in 30/70 PLA/PET blends when using amorphous PET, while 
PLA is hardly able to crystallise at all even when PET is crystalline.  
 
 Starch is an attractive blend component for PLA because it offers an advantage in 
terms of cost.  PLA and starch are two apparently promising candidates for biodegradable 
polymer blends, but they are thermodynamically immiscible.  PLA is hydrophobic, while 
starch is hydrophilic leading to poor adhesion between their blends.  Therefore, a third 
type of component such as compatibilisers, plasticisers, and block copolymers are often 
added into PLA/starch blends to reduce the interfacial energy, to thereby improve 
dispersion, and consequently to enhance adhesion between binary polymer phases.  
Another way to improve PLA/starch blends is to use reactive blending, which can 
promote chemical reactions between the two polymers by adding a reactive third 
component with appropriate functional groups or a catalyst.  Kozlowski et al. [29] 
blended potato starch with PLA using poly(ethylene glycol) as a plasticiser.  The presence 
of starch worsened the mechanical properties of the blends.  Wheat gluten is also blended 
with PLA for use in food plastic industries [48].  The presence of gluten reduced the 
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number of cycles needed to change the PLA crystalline structure to a predo-minantly 
amorphous form.  
 
 Reactive blending is frequently used to enhance compatibility and miscibility by 
chemical reaction.  Methylenediphenyl diisocyanate (MDI) is found to be one of the most 
efficient third components to improve mechanical properties of reactive blending of 
PLA/starch blends.  It promoted a strong chemical linkage between the carboxyl from 
PLA and hydroxyl groups from starch although it is toxic.  Maleic anhydride was then 
used as nontoxic reactive compatibiliser instead of MDI.  Subsequently, Zhang and Sun 
[30] used dioctyl maleate, a derivative of maleic anhydride, as a reactive compatibiliser 
for PLA/starch blends.  The tensile strength of PLA/starch blends was found to improve 
when using low concentrations of dioctyl maleate.  Ke et al. [49] added triethyl citrate as 
a plasticiser into PLA/starch blends in a presence of methylenediphenyl diisocyanate 
(MDI).  It was found that triethyl citrate increased the elongation at break and toughness 
but decreased the tensile strength and modulus of the blends.  They have been many 
studies of PLA/starch blends, for example, with various compatibilisers [15] and using 
starch with various amylose contents [31].  Starch is also used to blend with PLLA for 
hybrid foams [16, 50]. 
 
 Petroleum-based polymers and non-biodegradable polymers, such as 
polyethylene, polyurethane, and acrylonitrile-butadiene-styrene copolymers (ABS), have 
been used in blends with PLA aiming to improve the toughness of PLA.  It is well known 
that PLA/PE are very immiscible, based on thermodynamic arguments as “like dissolves 
like”.  Therefore, many researchers have tried to make them miscible.  Wang and Hilmyer 
[32] blended PLLA/linear low-density polyethylene (LLDPE) by solution blending on a 
laboratory scale in the presence of a PLLA-PE block copolymer as a compatibiliser.  The 
toughness of PLLA was improved.  Subsequently, they studied the same blends of 
PLLA/LLDPE/PLLA-PE using the melt blending method [51].  The effect of the PLLA-
PE block copolymer on the morphology and impact resistance was examined.  The results 
showed that the toughening of amorphous PLA (PDLLA) was improved by adding the 
compatibiliser but this was not the case for semi-crystalline PLA (PLLA).  In contrast, 
PLLA showed significantly better adhesion to LLDPE than PDLLA did.  They proposed 
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that tacticity effects on the entanglement molecular weight or miscibility of PLLA allow 
for the improved adhesion between PLLA and LLDPE.  
 
 Polyurethanes: Li and Shimizu [33] blended PLA with poly(ether)urethane 
elastomers, which has a unique combination of toughness, durability, flexibility, and 
biocompatibility.  The soft segments of PU elastomers are mainly polyester or polyether, 
which are expected to have good compatibility with PLA.  The results showed the 
toughening effects of the PU elastomer on PLA.  Yuan and Ruckenstein [34] toughened 
PLA by introducing 5 wt% of a PCL diol- and triol- based PU network into the solution 
blend in toluene.  Three kinds of PU were used with an OH mole ratio (diol and triol) 
between 10/0, 9/1 and 7/3, denoted as PU-0, PU-1 and PU-3, respectively.  The toughness 
of PLA/PU-0 was not improved significantly, while PLA/PU-1 significantly improved; 
more so than PLA/PU-2.  The adhesion between PLA and PU-0 was suggested to be poor 
because PU-0 is more polar than PLA and strong hydrogen bonding in the former 
stimulates self-aggregation.  PLA interpenetrates the PU-1 to generate PU-PLA semi-
interpenetrating networks leading to more compatible blends.  The lower toughness of 
PLA/PU-3 is due to the increased stiffness of the semi-interpenetrating PU-PLA network 
leading to less intermingling between the PU-PLA networks and the PLA.  
 
 Other studies include the use of acrylonitrile-butadiene-styrene copolymers 
(ABS), which are non-biodegradable, melt-blended with PLLA, in the presence of a 
compatibiliser (styrene/acrylonitrile/glycidyl methacrylate copolymer (SAN-GMA)) and 
ethyl-triphenyl phosphonuium bromide (ETPB) catalyst [52].  
 
 It is clear that many attempts have recently been made to improve the mechanical 
properties of PLA through the blending with other polymers and compatibilisers.  The 
underlying reason is to develop the properties of PLA for suitable application to use as a 
commercial polymer in the market place.  As mentioned previously, PLA is currently 
used in a number of biomedical applications, bio-plastic film applications, and in tissue 
engineering.  
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 Applications: in the past decade, there have been many researchers using 
plasticisers to modify the toughness of PLA films.  For example, lactide monomer used as 
a plasticiser in PLA has shown a significant increase in thermal degradation during the 
processing and rapidly migrate into the end-product surface.  Poly(ethylene glycol) (PEG) 
which is widely used as a plasticiser was found to be a good plasticiser but its migration 
to the surface over time results in an unstable PLA/PEG blend.  Lemmouchi et al. [35] 
used tributyl citrate as a plasticiser to blend with PLA and also synthesised low molecular 
weight PLA-b-PEG block copolymers.  They studied physical properties, mechanical 
properties, and degradation.  They highlighted the reasons for using tributyl citrate and 
PLA-b-PEG as plasticisers for PLA: (a) tributyl citrate can reach high elongation at break 
values, whereas PLA-b-PEG copolymer will retain the high tensile strength of the blends; 
(b) using tributyl citrate together with PLA-b-PEG can reduce the amount of volatiles and 
degradation products of the blends; (c) PLA-b-PEG copolymer should enhance the 
interaction between PLA phase and copolymer because of their ester groups.  The results 
showed that the blend films at 80/20 PLA/plasticisers show a glass-transition temperature 
below 30 oC, elongation at break more than 220%, and suitable tensile strength for 
packaging application.  Tributyl citrate in association with the copolymer also has a 
beneficial effect in the increase of impact strength of PLA.  For the biodegradation study, 
the results showed that PLA-b-PEG/ tributyl citrate enhances the degradation of the PLA 
matrix.  
 
 Hailin et al. [53] blended PLA with silk fibroin (SF) to widen the  potential 
application of SF in the biomaterials field.  The mechanical and thermal properties of the 
blend films were improved but surface hydrophilicity and swelling capacity decreased 
depending on PLA content.  Chitosan was used as a polymeric matrix to produce films 
from renewable resources, which exhibit potential antifungal properties on 
mycotoxinogen strains, because of its good film-forming properties and its recognised 
antimicrobial activity.  Thus, composite films for food packaging from chitosan and PLA 
in the presence of PEG as a plasticiser were prepared by solvent blending [54].  The 
results showed that it was difficult to produce miscible PLA/chitosan film forming 
solutions.  However, this film did produce heterogeneous films with high water 
sensitivity.  Peesan et al. [55] used hexanoyl chitosan (H-chitosan) containing hexanoyl 
group substitution along the chains to blend with PLA.  However, the results showed no 
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significant interaction between H-chitosan and PLA.  Subsequently, they studied the 
effect of various casting solvents; chloroform, dichloromethane, and tetrahydrofuran, on 
the characteristics of H-chitosan/PLA blend films [56].  It was found that no significant 
effect from the type of the casting solvent on thermal degradation behaviour was 
observable.  Casting of blend films in chloroform and dichloromethane showed extensive 
phase separation of H-chitosan and PLA, with the minor phase forming into discrete 
domains throughout the matrix. 
 
 Recently, novel antibacterial nanofibrous PLLA scaffolds for medical applications 
were prepared from PLLA/poly(lactide-co-glycolide) (PLGA) nanospheres [57].  The 
effect of surface-modified collagen on the adhesion, biocompatibility and differentiation 
of bone marrow stromal cells in PLLA/poly(lactide-co-glycolide) (PLGA)/chitosan 
scaffolds was studied [58].  PDLLA/PEG fibrous scaffolds were prepared by 
electrospinning for skin tissue engineering [59].  The blends with different ratios were 
dissolved in 3/1 v/v of acetone and dichloromethane.  It was found that electrospun mats 
containing 30% PEG showed the best balance of properties, including a moderately 
hydrophilic surface, minimal dimensional changes, adaptable bulk biodegradation pattern 
and enhancement of cell penetration and growth within fibrous mats.  PLLA/gelatin 
nanofibres for wound dressing were also fabricated by electrospining in aqueous acetic 
acid at room temperature [60].  Nanofibrous mats from PLLA/gelatin showed controlled 
evaporative water loss, promoted fluid drainage ability, and excellent biocompatibility, 
especially a potential application as wound dressing.  For other usefulness of PLA, such 
as nanocomposites, PLA was used to blend with fumed silica nanoparticles (SiO2), 
montmorillonite (MMT) and oxidised multi-walled carbon nanotubes (o-MWCNTs), 
organoclay nanocomposites/PEG [61-63], and PLA/nanoclay [62, 63]. 
 
 As reflected in earlier references in this chapter, amongst the large number of 
research related to PLA, reactive blending is an important technique in developing 
polymer blends suitable for commercial applications.  Recently, Oyama [64] was 
successful in producing the super-tough PLA by reactive blending with poly(ethylene-
glycidyl methacrylate).  It is concluded that the epoxide group incorporated in 
poly(ethylene-glycidyl methacrylate) will react with both the carboxyl groups and the 
hydroxyl groups located at the PLA chain-ends during melt-mixing, resulting in the 
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formation of graft copolymers at the interface.  Natural fibres were used in reactive 
blending with PLA to produce biocomposites comparable to PP [65].   
 
 There also have been many researchers who have studied the degradation of PLA 
blends.  For example, Tsuneizumi et al. [66] studied the degradation of PLLA/polyethylene 
and PLLA/poly(butylene succinate).  The blends were degraded into repolymerisable 
oligomers using environmentally benign catalysts, clay catalysts and enzymes, with the 
objective of developing a selective chemical recycling process.   
 
It can be seen that there are many pieces of research involving PLA binary blends, 
but not PLA ternary blends.  Similarly, there has been no research involving blending or 
miscibility studies with PLA homologues other than PGA.  These are two important 
aspects of the present work. 
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1.5 Aims and Objectives  
  
 There are many researchers attempting to improve the mechanical properties and 
physical properties of poly(lactic acid) for suitable applications, as discussed earlier.  In 
addition, there are many reasons to use poly(lactic acid), a widely used biodegradable 
polyester, as mentioned in Section 1.2.1.  For that reason, poly(lactic acid) was chosen for 
a laboratory scale study in this research using the techniques of solvent blending and melt 
blending.   
 
 The aim of this research is to design miscible or compatible blends either with 
polymers that are inherently miscible or using compatibilisers or compatibilising techniques.  
Both of these approaches would be expected to depend upon the identification of polymer 
species that interact strongly with each other.  This work will concentrate on the effects of 
structure on miscibility and compatibility of two families of materials.  The first is three 
component blends in which regions of mutual miscibility and compatibilities will be 
identified using ternary phase diagrams.  The second family to be investigated are the 
homologues of poly(lactic acid)  - that is other member of the poly(α-ester) series.  Some 
of these polymers are available in this laboratory from earlier synthetic studied but have 
never been examined in terms of their miscibility or compatibilisation effects with 
poly(lactic acid).  Since these materials are only available in small (mg) quantities and 
important part of the work will be the design of a small-scale technique for solvent 
blending studies. 
 
 The aim of this work is not an attempt to produce a theoretical explanation for the 
miscibility of polymer blend system but to detect composition regions where unusual 
phenomena of polymer miscibility appear to occur.  It will be of importance, however, to 
use a theoretical model to attempt to explain and understand the results. 
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Chapter 2 
Materials and Experimental Methods 
 
2.1    Materials 
 
 Polymers and reagents were used from different sources.  Table 2.1 shows 
synthesised materials in this laboratory.  Table 2.2 shows commercial materials and 
reagents.  
 
Table 2.1   Synthesised materials in this laboratory information. 
 
Materials 
Abbreviations 
in this work 
Molecular Structure 
Aliphatic Poly α-esters: 
Poly(2-hydroxy-2-methyl-
propanoic acid) or  
Poly(α-hydroxy isobutyric acid) 
 
      α1(dimethyl) 
 
	  
	  
Poly(2-hydroxy-2-ethyl-butanoic 
acid) 
 
      α2(diethyl) 
	  
	  
Poly(2-hydroxy-2-cyclopentyl-
ethanoic acid) 
 
      α3(cyclopentyl) 
	  
	  
Poly(2-hydroxy-2-cyclohexyl-
ethanoic acid) 
 
      α4(cyclohexyl) 
	  
	  
Poly(2-hydroxy-2-cycloheptyl-
ethanoic acid) 
 
      α5(cycloheptyl) 
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Table 2.1   Synthesised materials in this laboratory information. (Continued) 
 
Materials 
Abbreviations 
in this work 
Molecular Structure 
Poly(2-hydroxy-2-
chloromethyl-propanoic acid)  
α6 
(chloromethyl-methyl) 
	  
	  
Aromatic Poly α-esters:  
Poly(2-hydroxy-2-
pentafluorophenyl 
propanoic acid) 
 
ArS1 
(pentafluorophenyl-
methyl) 
	  
	  
Poly(2-hydroxy-2-phenyl 
propanoic acid) 
 
ArS2 
       (phenyl-methyl) 
	  
	  
Poly(2-hydroxy-2-phenyl 
ethanoic acid) 
 
      ArS3 (phenyl) 
	  
	  
Copolymer of poly(2-
hydroxy-2-
pentafluorophenyl propanoic 
acid) and poly(2-hydroxy-2-
phenyl ethanoic acid) 
Copolymer of ArS1 
and ArS3 
	  	  	  
	  
Copolymer of poly(2-
hydroxy-2-pentafluoro 
phenyl propanoic acid) and 
poly(glycolic acid) 
Copolymer of ArS1 
and PGA(synthesised) 
	  
	  
Poly(glycolic acid) PGA (synthesised) 
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Table 2.1   Synthesised materials in this laboratory information. (Continued) 
 
Materials 
Abbreviations 
in this work 
Molecular Structure 
Poly(D,L-lactide) 
PDLLA 
(synthesised) 
	  
	  
L-lactide-co-Poly(ε-
caprolactone) copolymer 
LLA-co-PCL 
(synthesised) 
	  
	  
 
 
Table 2.2   Commercial materials and reagents information.  
 
Materials 
Abbreviations 
in this work 
Suppliers Other details 
PLLA1 Cargill Dow, Inc. 
Mn = 18,700 
Mw =28,000 
Poly(L-lactide)  
PLLA2 
Sigma-Aldrich Co., 
Inc, USA 
Mn = 63,500 
Mw = 94,800 
PCL1 
Sigma-Aldrich Co., 
Inc, USA 
Mn = 7,500  
Mw = 13,300 
Poly(ε-caprolactone) 
PCL2 
Sigma-Aldrich Co., 
Inc, USA 
Mn = 57,800  
Mw = 81,700 
Cellulose acetate 
butyrate 
CAB Eastman Chemical 
CAB-531-1  
Mw= 40,000 
Butylrate = 50% 
Cellulose acetate 
propionate 
CAP 
Sigma-Aldrich Co., 
Inc, USA 
Mn ∼ 25,000 
mp = 188-210 oC 
Cellulose propionate CP 
Sigma-Aldrich Co., 
Inc, USA 
Mn ∼ 70,000 
Mw ∼ 130,000 
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Table 2.2   Commercial materials and reagents information. (Continued) 
 
Materials 
Abbreviations 
in this work 
Suppliers Other details 
Poly(glycolic acid) PGA 
Sigma-Aldrich Co., 
Inc, USA 
mp = 225-230 oC 
Poly(propylene 
succinate) 
PPS 
Sigma-Aldrich Co., 
Inc, USA 
- 
Poly(1,4-butylene 
succinate) extended with 
1,6-diisocyanatohexane 
PBS 
Sigma-Aldrich Co., 
Inc, USA 
mp = 120oC, 
d=1.3, MFI = 10 
Poly(ethylene 
succinate) 
PES 
Sigma-Aldrich Co., 
Inc, USA 
- 
Poly(butylene 
succinate) 
Bionolle 1020 
Showa Highpolymer 
Co.Ltd 
- 
Poly(butylene 
succinate adipate) 
Bionolle 3010 
Showa Highpolymer 
Co.Ltd 
- 
Poly(ethylene glycol) PEG 
Sigma Chemical 
Co.Ltd 
Mw ∼10,000 
Poly(ester adipate) G40 
Croxton and Garry 
Co.Ltd 
- 
Poly(hydroxybutyric-
hydroxyvaleric acid) 
P(HB-HV)  
Sigma-Aldrich Co., 
Inc, USA 
20.1 % HV 
Thermoplastic 
polyurethane 
TPU 
B.F. Goodrich 
Co.,Ltd 
Commercial name: 
Estane 5706 P 
Chloroform CHCl3 
Fluka Chemical 
Co.,Ltd 
- 
Hexafluoroiso- 
propanol 
HFIP 
Fluka Chemical 
Co.,Ltd 
- 
Tetrahydrofuran THF 
Fluka Chemical 
Co.,Ltd 
- 
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2.2    Synthesis of PLA homologues 
 
 As mentioned in Chapter 1, poly α-esters have potential useful applications, and 
in addition because of their structural simplicity they provide an ideal system to study 
structure-property and structure-additive-property relationships.  However, a general 
method for their preparation is not exactly known. 
 
 There are a number of potential methods to synthesise PLA homologues or 
poly(α-esters) having the general formula as shown in Figure 2.1a.  The most common 
method of poly(α-ester) synthesis involves polymerisation of the cyclic glycolide 
(Figure 2.1b).  The problem, however, is that polymerisation of the 6-membered 
diglycolide ring is restricted to cases in which R1 is a hydrogen and increasing of the bulk 
of R2 decreases polymerisability.  In effect this limits the rate to polymers of glycolic 
(R1=R2=H) and lactic (R1=H, R2=CH3) acids.  The α-hydroxy acids, as shown in 
Figure 2.1c can also be used to synthesise aliphatic-α-polyesters by heating in an inert 
solvent in the presence of an acid catalyst.  However, the molecular weights are shown to 
be low, and the same structural limitations that apply to glycolide polymerisation apply to 
the acid.  Thus, the methods readily available for the preparation of poly(α-esters) are not 
numerous and often result in poor yields of polymer and low molecular weight.  
Therefore, the most convenient approach is to convert the α-hydroxy acid into the five-
membered ring of α-hydroxycarboxylic acid anhydrosulphites or α-hydroxycarboxylic 
acid anhydrocarboxylate, the general formulae as shown in Figures 2.1d and e, 
respectively.  The homologues series of PLA used in this work, in which the aliphatic and 
aromatic alpha-side chains play an important role of determining not only the physical 
properties but also the degradation characteristics of polymers, were synthesised from 
these monomers by previous workers in these laboratories [5, 67], and the details of their 
chemical structures are shown in Table 2.1. 
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Figure 2.1.   The general formulae to synthesise poly(lactic acid) homologues. 
 
 
2.3    Blending methods 
 
 Two types of blending methods, solvent blending and melt blending, were used to 
study the design and characterisation of the novel blends of poly(lactic acid) or 
polylactide.  Solvent blending is used as a preliminary observation of the miscibility of 
polymer blends and then some compositions are selected to do melt blending.   
 
 
 2.3.1    Solvent blending process 
 
 The technique developed in this study called “a rapid screening method”, as 
discussed in Section 4.1, was used for solvent blending both of binary and ternary blends.  
The polymer sample preparatory technique is shown in Figure 2.2.  The polymer samples 
were dissolved in solvent at a concentration of 7 wt% by volume and then pipetted into 
the well plates.   The total of this polymer solution volume used for blending was 100 µL 
and a further 100 µL solvent was then added.  Samples were then left to evaporate slowly 
at room temperature.  
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(a) (b)   
 
        Figure 2.2     Polymer sample preparatory technique; (a)  polymer solution was  
                              dissolved and  poured into the volumetric flask and (b) subsequently   
                              pipetted into the 96-well plate. 
 
 
 
 2.3.1.1    Binary blends based on poly(α-ester) homologues of PLLA 
 
 
 The following families of binary blends based on poly(α-ester) homologues of 
PLLA were studied to determine their miscibilities.   
- Blends of poly(α-ester)homologues/poly(α-ester) homologues  
- PLLA/poly(α-ester) homologous blends 
- Blends of PLLA or PDLLA with poly(ε-caprolactone) (PCL), cellulose acetate 
butyrate (CAB) or α4(cyclohexyl) 
- PLLA/other biodegradable polymer blends; poly(ethylene glycol) (PEG), 
poly(ethylene succinate) (PES), poly(butylene succinate) (PBS), poly 
(hydroxy butyrate-hydroxyvalerate) (P(HB-HV)), PCL, and CAB 
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 All polymers were dissolved in solvent with a concentration of 7 % (w/v).  All 
poly(α-esters) were dissolved in chloroform, excluding α2 (diethyl), which was dissolved 
in hexafluoroisopropanol.  The 100 µl sample solutions were pipetted into the 96-well 
plates with various binary blend compositions of 0, 25, 50, 75 and 100 wt% and then 100 µl 
extra solvent was also added to allow more time for interpenetration of each polymer 
molecule.  The solvent in the polymer solutions was allowed to evaporate completely at 
room temperature and placed on to the Molecular Devices Spectra Max M2 to observe the 
clarity and miscibility with using a wavelength of 450 nm.   
 
 
 2.3.1.2    Ternary blends based on PLLA 
 
 Three-component blends based on PLLA were prepared using the technique 
described in Section 2.3.1.1.  The clarity and miscibility of these blended films were 
observed using 96-well plates and a UV-visible multi-wavelength plate reader.  The 
different families of three-component blends based on PLLA are shown below: 
 -   PLA/PCL/CAB: effect of stereochemistry using PLLA and PDLLA 
 -   PLLA/PCL/CAB: effect of molecular weight of PLLA and PCL 
-  PLLA/PCL/CAB and PDLLA/PCL/CAB: effect of solvents 
-  PLLA/PCL/cellulose esters using CAP and CP  
-  Blends of PLLA modified with polyester adipate (G40) and P(HB-HV) 
-  PLLA/PCL/LLA-co-PCL 
-  PLLA/PCL/TPU 
-  PLLA/PCL/bionolle 1020 and 3010 
-  PLLA/PCL/PPS 
-  PLLA/PCL/PES 
 The range of ternary blends is shown in Table 2.3 using the symbol X, Y, Z to 
represent the three component polymers. 
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Table 2.3  The composition ranges of polymer X/Y/Z blends.  For X = PLLA,Y = PCL,   
                  Z = CAB the whole range was investigated.  For other combination selection    
                  from this range were used. 
   
Composition of Polymers (wt%) 
  X Y Z  X Y Z 
5 5 90  15 35 50 
5 10 85  15 40 45 
5 15 80  15 45 40 
5 20 75  15 50 35 
5 25 70  15 55 30 
5 30 65  15 60 25 
5 35 60  15 65 20 
5 40 55  15 70 15 
5 45 50  15 75 10 
5 50 45  15 80 5 
5 55 40  20 5 75 
5 60 35  20 10 70 
5 65 30  20 15 65 
5 70 25  20 20 60 
5 75 20  20 25 55 
5 80 15  20 30 50 
5 85 10  20 35 45 
5 90 5  20 40 40 
10 5 85  20 45 35 
10 10 80  20 50 30 
10 15 75  20 55 25 
10 20 70  20 60 20 
10 25 65  20 65 15 
10 30 60  20 70 10 
10 35 55  20 75 5 
10 40 50  25 5 70 
10 45 45  25 10 65 
10 50 40  25 15 60 
10 55 35  25 20 55 
10 60 30  25 25 50 
10 65 25  25 30 45 
10 70 20  25 35 40 
10 75 15  25 40 35 
10 80 10  25 45 30 
10 85 5  25 50 25 
15 5 80  25 55 20 
15 10 75  25 60 15 
15 15 70  25 65 10 
15 20 65  25 70 5 
15 25 60  30 5 65 
15 30 55  30 10 60 
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Table 2.3  The composition ranges of polymer X/Y/Z blends.  For X = PLLA,Y = PCL, 
                  Z = CAB the whole range was investigated.  For other combination selection     
                  from this range were used. (Continued)  
   
Composition of Polymers (wt%) 
  X Y Z  X Y Z 
30 15 55  45 40 15 
30 20 50  45 45 10 
30 25 45  45 50 5 
30 30 40  50 5 45 
30 35 35  50 10 40 
30 40 30  50 15 35 
30 45 25  50 20 30 
30 50 20  50 25 25 
30 55 15  50 30 20 
30 60 10  50 35 15 
30 65 5  50 40 10 
35 5 60  50 45 5 
35 10 55  55 5 40 
35 15 50  55 10 35 
35 20 45  55 15 30 
35 25 40  55 20 25 
35 30 35  55 25 20 
35 35 30  55 30 15 
35 40 25  55 35 10 
35 45 20  55 40 5 
35 50 15  60 5 35 
35 55 10  60 10 30 
35 60 5  60 15 25 
40 5 55  60 20 20 
40 10 50  60 25 15 
40 15 45  60 30 10 
40 20 40  60 35 5 
40 25 35  65 5 30 
40 30 30  65 10 25 
40 35 25  65 15 20 
40 40 20  65 20 15 
40 45 15  65 25 10 
40 50 10  65 30 5 
40 55 5  70 5 25 
45 5 50  70 10 20 
45 10 45  70 15 15 
45 15 40  70 20 10 
45 20 35  70 25 5 
45 25 30  75 5 20 
45 30 25  75 10 15 
45 35 20  75 15 10 
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Table 2.3  The composition ranges of polymer X/Y/Z blends.  For X = PLLA, Y = PCL,  
                  Z = CAB the whole range was investigated.  For other combination selection      
                  from this range were used. (Continued)  
  
 
Composition (wt%) 
 
  X Y Z    X Y Z 
75 20 5  85 5 10 
80 5 15  85 10 5 
80 10 10  90 5 5 
80 15 5  95 2.5 2.5 
  
  The advantage of the rapid screening method is that it generates a large quantity 
of data which needs to be processed in a visual form.  The ternary phase diagrams of a 
range of three-component blend films were prepared, illustrating ranges in behaviour 
varying from miscible blends giving rise to clear films and to immiscible blends which 
give opaque films.  To understand how to read the triangle diagram of ternary blends, 
Figure 2.3 shows the phase miscibility diagram of polymer X, Y and Z with composition 
along three axes of triangle.  
 
 
Figure 2.3   Triangle diagram of polymer X/Y/Z. 
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 2.3.2   Melt blending process 
  
 Melt blending and reactive blending were used to study the miscibility of ternary 
blends based on poly(lactic acid).  Their compositions were selected from preliminary 
miscibility observation using the solvent blending technique.  The polymer mixtures were 
melted and blended using a two-roll mill, as shown in Figure 2.4.  The polymer samples 
were pre-heated at 170 oC for 5 minutes and then mixed together by the two counter-
rotating rolls.  The ternary blends were normally cut diagonally periodically and folded 
over several times during mixing for 10 minutes before being removed from the mills.  
The observed properties of the melt blending composites were analysed by DSC for 
thermal properties, hot-stage microscopy for morphology, and FT-IR for functional 
groups. 
  
 
 
 
Figure 2.4  Bridge two-roll mill. 
 
 
2.4    General experimental techniques 
 
The polymer samples were analysed using a variety of different techniques to 
determine specific properties.  Each one of the following techniques is described in more 
detail in the following sections. 
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-   Microplate reader for % transmittance 
-   Gel Permeation Chromatography (GPC) for measuring the relative molecular   
     weight distributions 
-   13C and 1H Nuclear Magnetic Resonance Spectroscopy (NMR) for   
    observing the molecular structures 
-   Fourier Transform Infrared Spectroscopy (FT-IR) for observing the   
    functional groups and the C-H environment along the back-bone 
-   Differential Scanning Calorimetry (DSC) for observing the thermal properties  
-   Scanning Electron Microscopy (SEM) for observing morphologies 
-   Hot Stage Microscopy (HSM) for observing thermal properties and   
    morphologies 
-  Wide-Angle X-ray Scattering (WAXS) for observing the distance between         
    polymer segments and the extent of crystallinity in the polymer samples 
 
 
 2.4.1   UV/Visible Plate Reader 
 
The Molecular Devices Spectra Max M2, which is a UV/Visible plate reader, was 
used to observe the percent transmittance (%T) of solvent blends.  The Molecular Devices 
Spectra Max M2 is a multi-detection microplate reader with dual-mono chromators, dual-
mode cuvette ports and top-reading capability.  Detection modalities include absorbance 
(UV-Visible absorbance) and fluorescence intensity (FI).  The system has optical 
performance comparable to a top-of-the-range dedicated spectrophotometer or spectro-
fluorometer and can read 6- to 384-well microplates. The optical system has an integrated 
dual-mode cuvette port and microplate reading.  A schematic diagram is shown in Figure 
2.5 [68].  
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FI = fluorescence intensity; ABS =  absorbance (UV-Vis Abs) 
 
Figure 2.5   The operating systematic diagram of UV/Visible plate reader. 
 
 
  2.4.2  Gel Permeation Chromatography (GPC) 
 
The relative molecular weight distribution of the organic-soluble polymers was 
analysed using a Knauer gel chromatograph fitted with two PLgel 5µm mixed-C columns 
which is shown in Figure 2.6.  A personal computer running in built PL Calibre software 
was used to calculate the relative molecular weight by using polystyrene as a calibrating 
standard.  The organic solvent, usually tetrahydrofuran, was used as a mobile phase. 
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Figure 2.6   Gel Permeation Chromatography (GPC) equipment. 
 
 
           0.1 mg/ml polymer solutions were prepared using THF as a solvent and a few 
drops of toluene as a marker and injected into the column with a flow rate 1.0 ml/min.  
Low molecular weight polymers take longer to elute from the columns due to the greater 
permeable volume of solvent within the pores, which contain cross-linked PS gel.  A plot 
of retention time versus detector response (mV) and log MW was recorded. The 
molecular weights of PLLA and PCL samples were analysed by GPC, which separates 
polymer chains according to size, due to distribution of pores.  
 
 
 2.4.3  13C and 1H Nuclear Magnetic Resonance Spectroscopy (NMR) 
 
 13C and 1H NMR were used to study the molecular structures.  When a sample is 
placed in a magnetic field and perturbed with a pulse of radio frequency energy, the 
nuclei in the molecule generate a bulk macroscopic magnetisation.  The response of the 
system as it relaxes back towards equilibrium is observed in terms of chemical shift (δ) in 
parts per million (ppm) from the resonance associated with tetramethylsilane (TMS), an 
internal standard [69].  
 The molecular structures of the pre-synthesised α-ester homologues of poly(lactic 
acid) were determined with both 13C NMR and 1H NMR.  α1(dimethyl), α4(cyclohexyl), 
solvent 
Pump 
  RI Detector 
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α5(cycloheptyl), α6(chloromethyl-methyl), ArS1(pentafluorophenyl-methyl), ArS3(phenyl), 
copolymer of ArS1 and ArS3, copolymer of ArS1 and PGA(synthesised), were dissolved 
in deuterated chloroform (CDCl3), while α2(diethyl) was firstly dissolved in hexafluoro- 
isopropanol and then in CDCl3.  α3(cyclopentyl) was prepared in deuterium chloride 
(DCl) containing 25% deuterium oxide (D2O).  ArS2(phenyl-methyl) was prepared in 
CDCl3 and deuterated dimethyl sulfoxide (d6-DMSO).  PGA (synthesised) was prepared 
in DMSO.  The samples were studied with a Bruker 300 MHz NMR instrument using the 
polarisation enhancement during analysis nuclei technique (PENDANT) [70, 71].  Both 
13C NMR and 1H NMR spectra were integrated and edited on a personal computer using 
Win NMR software from Bruker.   
The PENDANT technique allows the detection of any insensitive nuclei, 
principally 13C coupled to 1H.  In particular, it enables the simultaneous detection of C, 
CH, CH2 and CH3 carbon resonances.  Carbon as CH3 and CH appear as positive peaks 
whereas the ones of CH2 and C as negative peaks in the 13C PENDANT spectra.   
  
 
  2.4.4  Fourier Transform Infrared Spectroscopy (FT-IR) 
 
In this work, FT-IR (Thermo Nicolet 380 model) was used to identify the miscibility of 
ternary blends.  The first step, a background spectrum was measured to be a relative scale 
for the absorption intensity.  This can be compared to the measurement with the sample in 
the beam to determine the percent transmittance (%T).  In the second step, a solid sample 
was placed onto the sample compartment and pressed with a diamond plate.  The beam 
emitted from a glowing black-body source passes through an aperture which controls the 
amount of energy presented to the sample, enters the interferometer resulting the 
interferogram signal, and then enters the sample compartment.  The beam finally passes 
to the detector, which is specially designed to measure the special interferogram signal 
and sent to the computer where the Fourier transformation takes place.  The final infrared 
spectrum is then presented.  These processes are simple as described in Figure 2.7 [72].   
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          Figure 2.7    The operating systematic diagram of Fourier Transform Infrared   
                               Spectroscopy (FT-IR) equipment [72]. 
  
 
 2.4.5  Differential Scanning Calorimetry (DSC) 
 
 DSC is widely used to characterise the thermal properties of polymers.  It can 
measure thermoplastic properties including melting temperature (Tm), glass transition 
temperature (Tg), percent crystallinity, and heat of melting.  In this work, however, Tg and 
Tm are the most important properties to be observed.  A Perkin Elmer DSC7 Differential 
Scanning Calorimeter, with and without an intercooler for subambient operation, was 
used.  Perkin Elmer DSC7 runs the Pyris software and is equipped with the hardware and 
software to conduct Dynamic DSC (DDSC).  In DDSC, a modulated temperature profile 
is directly applied to the sample and the response of the sample analysed by Fourier 
transformation [73] .   
 Indium was used to calibrate the equipment and a baseline was then performed by 
running a reference pan (an empty alumimum pan).  A polymer sample, approximately 
6.0-10.0 mg, is placed in the aluminum pan, covered with an aluminum plate cover, and 
pressed by using a press plate.  A reference and sample pan were placed into the reference 
and sample holders, respectively, and operated with a scanning rate 20 oC/min, heating 
from 20 to 190 oC under a nitrogen atmosphere.  However, these operating conditions 
depend on the thermoplastic properties of polymer samples.  The difference in the amount 
of heat required to increase the temperature of a sample and reference were measured as a 
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function of temperature.  When the temperature increases, an amorphous phase in 
polymer molecule will become viscous that means Tg may occur.  As the sample is heated 
eventually reaches its Tm, the melting process results in an endothermic peak in the DSC 
curve which plots the heat flow (mV) versus temperature (oC). 
 
 
 2.4.6  Scanning Electron Microscopy (SEM) 
 
The morphology of polymer solution blended films was examined by SEM, using 
a Cambridge Stereoscan S90B model.  Polymer films were mounted on metal stubs and 
placed in a small sputter coater vacuum chamber.  Argon gas and electric field cause an 
electron to be removed from argon, making the atoms positively charged, and attracted to 
a negatively charged gold foil.  Argon ions knock gold atoms from the gold foil surface 
and these gold atoms then fall and settle onto the film surfaces giving higher electron 
density cover.  This sample preparation technique is necessary because SEM is an 
instrument that produces a large magnification by using electrons to form an image.  
 
The gold covered sample films were placed onto the stage of the SEM machine.  
An electron beam is produced at the top of microscope by an electron gun.  The electron 
beam passes through the microscope in a vertical direction and moves through 
electromagnetic fields and lenses, which focus the electron beam down toward the sample 
films.  As the electron beam hits the sample films, electron and X-rays are ejected from 
the films (Figure 2.8).  These X-rays, backscattered electrons, and secondary electrons are 
collected and converted by detectors into a signal that is sent to a screen producing an 
SEM image.  The schematic diagram of SEM is shown in Figure 2.9 [74]. 
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Figure 2.8   Ejected beams of SEM samples [74]. 
 
 
 
 
 
Figure 2.9   The operating systematic diagram of SEM equipment [74]. 
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 2.4.7  Hot Stage Microscopy (HSM) 
 
 Hot stage microscope (HSM) (model Mettler FP 82 Hot Stage with central 
processor- Mettler Toledo FP90 and lens-Leica DME 10X) was used to observe thermal 
properties and morphology of polymers, as shown in Figure 2.10.  A small amount of 
polymer sample was put onto the microscope slide, pre-melted at its melting temperature, 
covered with the cover-slid, and then cooled to room temperature before testing.  This 
sample was placed into the hot stage box and then placed on the microscope stage.  The 
sample was heated rapidly to its melting temperature, held for 5 minutes, and then cooled 
down to room temperature at the constant rate of 10 oC/min.  The intensity of light, 
image, and video were recorded. 
 
 
 
 
 
 
 
 
 
  
  
Figure 2.10   Hot stage microscope with computer processor. 
 
 
 2.4.8   Wide-Angle X-ray Scattering (WAXS) Analysis 
 
Wide-angle X-ray scattering (WAXS) was used to analyse the distance between 
polymer segments and the extent of crystallinity in the samples.  Two samples; (i) 
powders of pre-synthesised α-ester homologues of poly(lactic acid) reproducing from a 
previous worker in these laboratories [5], and (ii) solution blended films, were studied.  
 
  Central Processor 
Microscope 
  Hot Stage Box 
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 (i)   Pre-synthesised α-ester homologues of poly(lactic acid) powders 
 
X-ray powder photographs were taken using a Phillips 11.46 cm diameter powder 
camera fitted with a 0.5 mm collimator.  The samples were mounted in lithium beryllium 
borate tubes and the X-rays generated from a copper target at 40 kV using a nickel fitter 
enabling only copper Kα radiation to be used.  The film was processed after one and a 
half hours of exposure.  For some (later) samples, the film was replaced by a defractometer/ 
plotter system.  The powder photographs, reproduced from Blackbourn [5] are shown in 
Figure 2.11. 
 
Figure 2.11  The X-ray powder photographs of pre-synthesised poly(α-esters) [5]. 
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 (ii)   Solution-blended films 
 
 The solution-blended films were prepared for WAXS analysis.  WAXS experiments 
were performed using Beamline I22 at the Diamond Light Source, Rutherford, UK.  
Scans of intensity versus scattered angle (2θ) were recorded at room temperature with 
identical settings of the instrument by using an In-vacuum U25 undulator source 
(1.241 Å) and an operating voltage of 10 keV.  The sample intensities were normalised 
(to remove the effect of the film thickness and fluctuations in beam intensity) and then 
subtracted with the background intensities.  To calculate the distance between polymer 
segments (d spacing), Bragg’s law [75] was applied, as shown below. 
 
                                                     nλ  =   2d sin (θ)                                                     Eq. 2.1 
 
where; n is an integer, λ is the wavelength of the x-rays (Å), d is the distance between 
polymer segments referred to as d spacing, and θ is scattering angle.  The WAXS traces 
of samples were plotted to show intensity versus d spacing value. 
